Introduction {#s1}
============

Language is a critical cognitive function for the communication processes in humans, and it is vital to successful social functioning. In general, the effect of physiological aging on language is characterized by a complex pattern of alterations (Cotelli et al., [@B13]), and evidences suggest that normal aging selectively impairs certain language abilities more than others. Although older adults know more words than young adults (Kemper and Sumner, [@B31]), they are more likely to experience difficulty that is manifested as slowing in producing words while speaking (Kemper, [@B30]; Burke and Shafto, [@B8]). Notable declines in these kinds of language processing undermine older adults\' abilities and desire to communicate which promotes withdrawal from social interaction (Hummert et al., [@B28]), that might favor a more general cognitive decline (Palmer, [@B48]). Conversely, the beneficial role of an enriched environment in promoting the plasticity in aging has now been demonstrated. Studies on aged rodents showed that an enriched environment increases neurogenesis (Speisman et al., [@B61]), and significantly improved the rate and extent of stroke recovery (Buchhold et al., [@B5]). Studies focusing on word production by employing picture-naming tasks have demonstrated an age-related decline in object and action naming (Goodglass, [@B23]; Nicholas et al., [@B41]; LaBarge et al., [@B34]; Ardila and Rosselli, [@B1]; Feyereisen, [@B20]). Among others, a work by Goral et al. ([@B24]) supports the hypothesis that the word retrieval declines, during healthy aging (Burke and Mackay, [@B6]; Thornton and Light, [@B64]; Burke and Shafto, [@B8]) suggesting an important role of prefrontal structures in these tasks (Cabeza, [@B9]).

Recent evidences have suggested that brain modifications underlying the decline of cognitive functions (associated with physiological aging) are not caused by neuronal loss; rather, they are associated with alterations in synaptic connectivity (Pakkenberg et al., [@B47]; Morrison and Baxter, [@B39]). These alterations are more pronounced in anterior than in posterior brain regions, and they reach a maximum level in the prefrontal cortex (Davis et al., [@B17]). One influential hypothesis focuses on the role of the dendritic spines at the dorsolateral prefrontal cortex (DLPFC) level; the hypothesis specifically references thin spines, whose numbers are apparently greatly reduced during healthy aging (Peters et al., [@B51]; Dumitriu et al., [@B18]). Therefore, the efficacy of cognitive performance and plasticity mechanisms may be altered during healthy aging.

Transcranial direct current stimulation (tDCS) is a technique that utilizes the application of a very low direct current (Priori, [@B55]; Nitsche et al., [@B42]; Paulus, [@B49]). During the delivery of the current (i.e., online stimulation), tDCS modulates the resting membrane potential of neurons in a direction that depends on the polarity (anodal vs. cathodal) of the electrode placed on the chosen area. Since the first studies (Nitsche and Paulus, [@B45]; Nitsche et al., [@B44]), the presence of offline effects (effects that persist beyond the stimulation period) has been highlighted in addition to the online effects (during stimulation). Online and offline effects seem mediated by different mechanisms. It has been showed that online anodal tDCS-induced effects are related to membrane depolarization because they are effected by ion-channel blocking substances (Stagg and Nitsche, [@B63]), while offline tDCS-induced effects involve the additional participation of glutamatergic N-methyl-D-aspartic (NMDA) receptors and therefore a long-term potentiation-like (LTP-like) mechanism (Liebetanz et al., [@B35]; Stagg and Nitsche, [@B63]). Therefore, changes in duration of the induced effect should depend on change on one of these mechanisms.

Several studies have recently applied anodal tDCS with the aim of highlighting the presence of behavioral facilitator effects on several cognitive functions including language (see Monti et al., [@B38] for a recent review). For example, Fertonani et al. ([@B19]) observed a behavioral facilitation in a naming task after the application of anodal tDCS on the left DLPFC. This facilitatory function performed by tDCS may be important in cognitive neurorehabilitation approaches because the technique can improve reduced cognitive abilities in several neurological pathologies. Nevertheless, one caveat is that most of these studies were conducted on young healthy adults, and the generalization of the effects to other subjects (particularly patients who are not in the same age range of younger adult subjects) is not guaranteed (see Holland and Crinion, [@B26]). From this perspective, the physiological aging brain represents an interesting model to study and to predict result of tDCS applications in the clinical field; generally, patients that enter a neurorehabilitation approach are not young and therefore their brain is similar to the brain of a healthy older adult. Understanding what happens when tDCS is applied to an aged brain would validate the application of transcranial electric stimulation methods in a population that could maximally benefit from the enhancement of residual abilities.

For these reasons, researchers have recently become interested in the application of tDCS to older adults (Holland et al., [@B27]; Ross et al., [@B56]). Nevertheless, some issues must be clarified before using tDCS in rehabilitative protocols. An aspect that has not been adequately investigated in previous studies is the optimal time to apply tDCS when testing cognitive function. Some recent studies have suggested that when to deliver tDCS in relation to a task of interest may represent a key variable in determining the effects of tDCS (Stagg et al., [@B62]; Pirulli et al., [@B52], [@B53]). An interesting work by Wirth et al. ([@B66]) examined the behavioral and electrophysiological effects of online and offline anodal tDCS during a naming task. The behavioral effect was present only with online application. After anodal offline tDCS there was not behavioral effect but was present a reduction in delta activity, interpreted as a sign of neural disinhibition.

If neuroplasticity is reliant on the degree of neuronal excitability in a given moment as an element that adjusts the strength of neuronal connections in the brain, the timing of the tDCS application and when this "treatment" induces neuronal effects on task execution are important issues. The present work aims to explore the effects of tDCS in healthy aging adults performing picture-naming tasks by investigating the ideal moment for applying anodal stimulation (i.e., during or before the execution of the task). In general, tDCS may "prime" the system by (i) increasing excitability by modifying the synaptic "weights" of the system via LTP-like mechanisms that imply the involvement of NMDA receptors or (ii) increasing the excitability of the stimulated area by modulating axon, dendrite, and soma resting potentials and eventually increasing the quantity of neurotransmitters released from the presynaptic neuron without inducing long-term effects. Both of these hypotheses predict facilitation under specific conditions. The first hypothesis suggest that tDCS can induce facilitation mainly during offline applications via LTP-like mechanisms, but also during online stimulation via membrane depolarization (Liebetanz et al., [@B35]). The second hypothesis suggests facilitation only during online tDCS. We hypothesize that in the healthy aging brain, the mechanisms of plasticity subtending offline stimulation effects may be altered due to neuronal dysfunction (Pakkenberg et al., [@B47]; Morrison and Baxter, [@B39]). Consequently, the offline facilitation effects of tDCS should be less pronounced than the online effects. We also tested a group of young healthy subjects to investigate the possibility of different behavioral effects, induced by a different neural efficiency, in the two groups of age.

Methods {#s2}
=======

Subjects
--------

Twenty young subjects (10 males; mean age 21.2 years, standard deviation 0.9, range 20--23, mean education 13.0 years) participated in the Experiment on young. Twenty healthy-aging adults (10 males, mean age 66.5 years, standard deviation 5.5, range 61--83, mean education 10.5 years) participated in the Experiment on elderly.

The subjects were right-handed native Italian speakers with normal or corrected-to-normal vision. We did not include subjects who had a history of seizures, implanted metal objects, heart problems or any other neurological or psychiatric disease. Healthy aged individuals who scored below 27 out of 30 on the Mini Mental State Examination (MMSE) were also excluded. In addition, the elderly participants were subjected to a complete, accurate neuropsychological evaluation; a pathological score in at least one of the tests was a further exclusion criterion. The neuropsychological test battery included measures to assess non-verbal reasoning (Raven Colored Progressive Matrices), language comprehension (Token test), verbal fluency (phonemic and semantic), the object-/action-naming and comprehension subtests of the Battery for the Analysis of the Aphasic Deficit (BADA) (Miceli et al., [@B36]), memory (Story Recall, Rey--Osterrieth Complex Figure recall, Digit Span, Spatial Span), visuo-spatial abilities (Rey--Osterrieth Complex Figure, copy), attention and executive functions (Trail-Making test A and B). The results of the cognitive assessment are presented in Table [1](#T1){ref-type="table"}.

###### 

**Neuropsychological data (mean) of the elderly participants**.

                                                                     **Raw score**   **Cut-off**
  ------------------------------------------------------------------ --------------- -------------
  **SCREENING FOR DEMENTIA**                                                         
  MMSE[^a^](#TN1){ref-type="table-fn"}                               29.0/30         24
  **NON-VERBAL REASONING**                                                           
  Raven colored progressive matrices                                 29.5/36         17.5
  **MEMORY**                                                                         
  Story recall                                                       14.1/28         7.5
  Rey-Osterrieth complex figure, recall                              14.2/36         9.46
  Digit span                                                         5.9             3.75
  Spatial span                                                       5.1             3.55
  **PRAXIA**                                                                         
  Rey--Osterrieth complex figure, copy                               32.1/36         28.87
  **EXECUTIVE FUNCTIONS**                                                            
  Trail-making test A (seconds)                                      36.4            93
  Trail-making test B (seconds)                                      108.2           282
  **LANGUAGE**                                                                       
  Token test                                                         34.0/36         26.5
  Fluency, phonemic                                                  39.1            16
  Fluency, semantic                                                  47.3            24
  Oral object comprehension (BADA[^b^](#TN2){ref-type="table-fn"})   39.9/40         
  Oral action comprehension (BADA[^b^](#TN2){ref-type="table-fn"})   19.8/20         
  Oral object naming (BADA[^b^](#TN2){ref-type="table-fn"})          29.5/30         
  Oral action naming (BADA[^b^](#TN2){ref-type="table-fn"})          27.6/28         

Mini mental state examination

Battery for the analysis of the aphasic deficit.

The study was approved by the Ethics Committee of IRCCS Centro San Giovanni di Dio Fatebenefratelli, Brescia, Italy. Informed consent was obtained from all participants prior to the beginning of the experiment.

Picture-naming task
-------------------

The stimuli for the picture-naming task were presented on a personal computer screen using the Presentation v. 12.0 software program (<http://www.neurobs.com>). All of the stimuli were black-and-white, two-dimensional line drawings from the corpus of the CRL-IPNP (<http://crl.ucsd.edu/~aszekely/ipnp>), a broad set of 795 action and object pictures. These items have been tested in healthy and patient populations in seven different international sites and languages. The items are coded for a number of variables known to influence naming difficulty, including initial word frequency, age of acquisition and picture imageability scores. These variables have been previously tested to assess their influence on the participants\' naming performance (Bates et al., [@B2]).

The picture-naming task consisted of a practice block and three experimental blocks. The practice block included three object and three action images. Each experimental block included 14 object and 14 action images selected from a larger data set, which were tested in previously published behavioral experiments (Cotelli et al., [@B16]). We have constructed two different version of the task, to be used accordingly to the age of the experimental subjects (young, or elderly). It has been demonstrated that elderly subjects are slower than young subjects in naming pictures (Burke and Shafto, [@B7]). In the elderly task both the duration of stimulus presentation and the inter-stimulus interval were longer. This could potentially have affected our results slowing down the reaction times in the aging group (see e.g., Nakata et al., [@B40]), nevertheless, the presence of a sham condition (see below) assures us the possibility to verify if the effect is due to the stimulation or to this variable. The frequencies and lengths of the target words and the visual complexity and imageability of the pictures were matched between the blocks.

The subjects were required to accurately and rapidly name the stimuli appearing on the computer screen. The duration of presentation of each image and of the interval between the trials was longer for elderly subjects to obtain a comparable task difficulty in the two age groups. The trial structure is illustrated in Figure [1](#F1){ref-type="fig"}.

![**Trial structure of the picture-naming task**. The subjects were presented with an indication of the category "action" or "object" immediately before the picture was presented to disambiguate lexical selection. The participants were then required to accurately and rapidly name the stimuli appearing on the computer screen. In bold are reported the timing used in the elderly participants task version, when different from that of the young participants.](fnagi-06-00131-g0001){#F1}

Transcranial direct current stimulation
---------------------------------------

The stimulation was delivered by a battery-driven, constant-current stimulator (BrainStim, EMS, Bologna, Italy) through a pair of saline-soaked sponge electrodes (7 × 5 cm). A constant current of 2 mA was applied with a ramping period of 10 s both at the beginning and at the end of the stimulation. In the online condition, the current was turned on at the beginning of the task and off at the end of the task, resulting in four or 5-min-long stimulation (respectively for young and elderly participants, see Figure [1](#F1){ref-type="fig"}). In the offline condition, the stimulation duration was set to 10 min to assure the permanence of the stimulation effects during the execution of the subsequent naming task. The current density (0.057 mA/cm^2^) was maintained below the safety limits (Poreisz et al., [@B54]; Nitsche et al., [@B42]). The electrodes were firmly attached by elastic bands, and an electroconductive gel was applied under the electrodes to reduce contact impedance before the montage. The active electrode was placed on the left DLPFC, 8 cm frontally and 6 cm laterally with respect to the scalp vertex (Fertonani et al., [@B19]), which had been identified as CZ in 10--20 nomenclature for EEG electrode positioning. The reference electrode was fixed on the right shoulder. We preferred an extracephalic reference to avoid interference effects from brain areas beneath the reference electrode.

The study was a single-blind experiment; the individual subjects were unaware of the type of stimulation they received, but the experimenter knew the type of stimulation. We applied the three following different types of stimulation to the left DLPFC: anodal online, anodal offline and sham. The duration of the stimulation in Experiment on young and in Experiment on elderly was respectively: 4 or 5 min for the anodal online condition (according to the different duration of the task on the two experiments), 10 min for the anodal offline condition, 6 or 7 min for the sham condition (beginning always 2 min before the beginning of the task). The different durations were due to the duration of task execution, faster in the Experiment on young (see Figure [1](#F1){ref-type="fig"}). In the sham stimulation (i.e., placebo), the current was turned off 10 s after the beginning of the stimulation (plus the duration of the fade-in and fade-out periods = 10 s) and was turned on for the last 10 s of the stimulation period. Therefore, the subjects felt the itching sensations below the electrodes at the beginning and end of the stimulation, making this condition indistinguishable from the experimental stimulation. Indeed, to detect any differences in the perception of sensations, we asked the subjects to complete a questionnaire developed by our research group (Fertonani et al., [@B19]) regarding the sensations that they experienced during the different stimulation types (real vs. sham) (See Results).

Procedure
---------

The subjects were seated in a quiet room in front of a computer screen. In the anodal online condition, the subjects performed the picture-naming task during the stimulation. In the anodal offline condition, the subjects performed the task immediately following the stimulation, and in the sham condition, the placebo stimulation began approximately 2 min before the start of the task. The active stimulations (i.e., anodal online and anodal offline) were executed on two different and consecutive days to minimize the likelihood of interference effects. The sham stimulation was always performed first on the first or second day (see Figure [2](#F2){ref-type="fig"}).

![**Procedure of the experiments**. The four arrows represents the four procedures adopted in each experiment. The gray boxes represent the execution of the picture-naming task, the thick gray lines represent the sham stimulation whereas the thick black lines the real tDCS stimulations (online or offline).](fnagi-06-00131-g0002){#F2}

Data analysis
-------------

The latency of verbal responses (vocal reaction time, vRT) and naming accuracy were determined for each subject in each condition. The subjects\' answers were recorded with a microphone placed in front of the participant. The vocal responses were digitized with the GoldWave v. 5.15 software program (GoldWave, Newfoundland, Canada) with a sampling rate of 11,025 Hz. The latency of the vRT was measured by analysing the GoldWave registration files, which marked the start of the wave corresponding to the vocal response. As standard procedure we eliminated all incorrectly performed trials from the analysis, including no responses, semantic errors, visual errors and responses preceded by verbal searching, (overall 3.2%, that is within the normal range). In addition, we removed all vRT data above or below two standard deviations with respect to the mean for each subject in each condition.

For the vRT data, the Kolmogorov--Smirnov test confirmed the normality of the distribution; therefore, the data were subsequently analyzed using a repeated measure ANOVA. The Mauchly test was applied when appropriate to confirm the data sphericity. Multiple comparisons were carried on using the Fisher LSD procedure.

Because the naming accuracy data were not normally distributed, we applied the appropriate non-parametric tests. A *p*-value of 0.05 was considered significant for all statistical analyses except for the sensations (see below).

The data of the tDCS-induced sensations were analyzed using the Friedman test (non-parametric repeated measures comparison). The *post-hoc* comparisons were conducted considering a α-value of 0.0167 (0.05 divided by 3, i.e., the number of comparisons performed for each sensation).

Results {#s3}
=======

We inferred that all of the subjects tolerated the stimulation by interpreting the spontaneous reports and the questionnaires completed by each subject at the end of the experiment. As evinced from verbal reports, none of the subjects could distinguish the sham from the real stimulation. The questionnaire results are reported in Table [2](#T2){ref-type="table"}. In *young subjects*, pitching, itchiness and burning were the most commonly reported sensations (90, 83, and 57% of the subjects, respectively), with light to moderate intensity. The Friedman test highlighted a statistically significant difference between the stimulations for the perception of itchiness \[χ^2^~(2)~ = 11.472, *p* = 0.003\], pinching \[χ^2^~(2)~ = 10.750, *p* = 0.004\], iron taste \[χ^2^~(2)~ = 6.645, *p* = 0.04\] and effect on performance \[χ^2^~(2)~ = 20.167, *p* \< 0.001\]. Nevertheless, *post-hoc* comparison showed a significant difference only between anodal online and sham condition in the itchiness, pinching and effect on performance perception (i.e., sensations greater in the anodal online condition), and between online and offline condition in the effect on performance perception.

###### 

**Mean intensity of the sensations reported by the subjects after transcranial direct current stimulation (tDCS) and the percentage of subjects who reported a certain sensation**.

                                              **Itchiness**   **Pain**   **Burning**   **Heat**   **Pinching**   **Iron taste**   **Fatigue**   **Effect on performance**
  ---------------------- -------------------- --------------- ---------- ------------- ---------- -------------- ---------------- ------------- ---------------------------
                         **SHAM**                                                                                                               
                         Intensity            1.0             0.2        0.9           0.4        1.4            0.2              0.1           0.1
                         Subjects (%)         80              15         55            35         90             10               10            10
  **Young subjects**     **ANODAL OFFLINE**                                                                                                     
                         Intensity            1.2             0.2        0.7           0.3        1.4            0.6              0.2           0.1
                         Subjects (%)         75              20         55            25         80             50               15            10
                         **ANODAL ONLINE**                                                                                                      
                         Intensity            1.8             0.4        1.0           0.4        2.0            0.4              0.2           0.7
                         Subjects (%)         95              30         60            30         100            20               15            65
                         **SHAM**                                                                                                               
                         Intensity            0.3             0.0        0.4           0.1        0.8            0.1              0.0           0.0
                         Subjects (%)         26              0          37            5          74             11               0             0
  **Elderly subjects**   **ANODAL OFFLINE**                                                                                                     
                         Intensity            0.3             0.0        0.4           0.1        0.9            0.1              0.0           0.1
                         Subjects (%)         26              0          21            5          74             11               0             5
                         **ANODAL ONLINE**                                                                                                      
                         Intensity            0.3             0.0        0.5           0.0        0.8            0.1              0.0           0.1
                         Subjects (%)         21              0          37            0          68             11               0             5

The sensation intensity is presented on a 5-point scale as follows: 0 = None, 1 = Mild, 2 = Moderate, 3 = Considerable, 4 = Strong. The column "Effect on performance" indicates the subjective feeling of the participant relative to how much the tDCS-induced sensations affected his performance.

In *elderly subjects*, light-intensity pitching and burning were the most commonly reported sensations (72 and 32% of the subjects, respectively). The Friedman test did not reveal any significant difference in the subjects\' perceptions of sensation between the experimental (online or offline) or sham stimulation conditions.

Accuracy
--------

The accuracy level of *young participants* was high (96% mean accuracy in all of the conditions, see Table [3](#T3){ref-type="table"} for more details). The accuracy did not differ among the stimulation conditions (sham, anodal online, anodal offline)\[Friedman test (χ^2^~(2)~ = 1.333, *p* = 0.51)\]. The Wilcoxon test on the type of stimulus (object, action) was significant (*Z* = 3.114, *p* = 0.002). Young subjects were more accurate in the object-naming task (mean = 0.15 errors/block) than in action-naming task (mean = 0.83 errors/block).

###### 

**Verbal reaction time (vRT) and accuracy for young and elderly subjects in the three experimental conditions**.

                                            **Sham**     **Anodal online**   **Anodal offline**
  ---------------------- ------------------ ------------ ------------------- --------------------
                         **vRT (MS)**                                        
                         Actions            757 ± 72     720 ± 69            710 ± 72
                         Objects            585 ± 57     578 ± 55            576 ± 56
  **Young subjects**     **ACCURACY (%)**                                    
                         actions            93.6 ± 6.9   93.6 ± 6.5          95.0 ± 6.6
                         objects            98.6 ± 3.7   99.3 ± 2.2          98.9 ± 3.5
                         **vRT (MS)**                                        
                         actions            912 ± 95     871 ± 99            921 ± 144
                         objects            718 ± 83     691 ± 65            705 ± 84
  **Elderly subjects**   **ACCURACY (%)**                                    
                         actions            94.6 ± 6.9   95.7 ± 5.6          94.6 ± 8.5
                         objects            98.6 ± 2.9   98.9 ± 1.6          99.6 ± 2.6

vRT are expressed as ms ± SD, accuracy as percentage of accuracy ± SD.

Also in the *elderly group*, the accuracy level was high (97% mean accuracy in all of the conditions, see Table [3](#T3){ref-type="table"}). The accuracy did not differ among the stimulation conditions (sham, anodal online, anodal offline)\[Friedman test (χ^2^~(2)~ = 0.634, *p* = 0.73)\]. The Wilcoxon test on the type of stimulus (object, action) demonstrated that elderly subjects were more accurate in the object-naming task (mean = 0.15 errors/block) than in action-naming task (mean = 0.72 errors/block) (*Z* = 2.840, *p* \< 0.01).

The accuracy level was not different in *young* and *elderly group* \[Mann-Withney test (*Z* = −1.163, *p* = 0.245)\]. Given the very low number of errors, we did not perform further analyses on these data.

Response times
--------------

We performed a repeated measures ANOVA on vRT with stimulation condition (sham, anodal online, anodal offline) and type of stimulus (object, action) as within subjects factors and age (young, elderly) as a between subjects factor. The ANOVA highlighted the main effect of age \[*F*~(1,\ 38)~ = 47.001; *p* \< 0.001; η^2^~*P*~ = 0.553\], type of stimulus \[*F*~(1,\ 38)~ = 413.339; *p* \< 0.001; η^2^~*P*~ = 0.916\] and stimulation condition \[*F*~(2,\ 76)~ = 6.634; *p* = 0.001; η^2^~*P*~ = 0.149\]. The interactions between stimulation condition and age \[*F*~(2,\ 76)~ = 3.305; *p* = 0.042; η^2^~*P*~ = 0.080\], and type of stimulus and age \[*F*~(1,\ 38)~ = 7.145; *p* = 0.008; η^2^~*P*~ = 0.167\] were also statistically significant.

The main effect of age demonstrates that young subjects were faster than elderly subjects (young: 654 ± 99 ms; elderly: 803 ± 139 ms). The main effect of the type of stimulus shows that subjects were faster at object naming than at action naming (objects: 578 ± 56 ms; actions: 713 ± 74 ms).

The effect of stimulation condition was better explained by the interaction stimulation condition × age. Multiple *post-hoc* comparisons revealed that in young there was a statistically significant difference between the sham (mean vRT ± *SD* = 671 ± 109 ms) and the anodal online (649 ± 94 ms) and anodal offline (643 ± 93 ms) conditions (respectively *p* = 0.05 and p = 0.01; see Figure [3A](#F3){ref-type="fig"}), whereas in the elderly there was a statistically significant difference between the anodal online condition (781 ± 123 ms) and the other two stimulation conditions (sham: 815 ± 132 ms; anodal offline: 813 ± 159 ms, both *p* \< 0.01; see Figure [3B](#F3){ref-type="fig"}). See Table [3](#T3){ref-type="table"} for the vRT-values in each condition.

![**Verbal reaction times (vRTs) of young (A) and elderly (B) participants, for the three stimulation conditions (sham, online, offline)**. The data are expressed in milliseconds along the ordinate. An asterisk indicates a *p* \< 0.05. The error bars represent the mean standard error.](fnagi-06-00131-g0003){#F3}

Discussion {#s4}
==========

In this study, we show that anodal stimulation of the left DLPFC has a facilitation effect on picture naming in both young and healthy aging adults. In particular, whereas in young participants decreased vocal reaction times were present if the stimulation was applied both before and during the execution of the task, in the healthy aging group the effect was observed only if the stimulation was applied during the task execution. This result highlights the differential effects of tDCS in young and aging subjects. Moreover, it highlights the importance of stimulation timing in the aging group. Few studies to date have considered this variable only within the motor cortex (Nitsche et al., [@B43]; Kuo et al., [@B33]; Stagg and Nitsche, [@B63]). Nitsche et al. ([@B43]) demonstrated that anodal tDCS applied during the execution of an implicit learning task led to an improvement in the learning rate of that task. However, if the same task was performed after 10 min of stimulation, no enhancement in the learning rate was observed (Kuo et al., [@B33]). Similar results have been reported by Stagg et al. ([@B62]) in an explicit sequence-learning task. Online stimulation allows the subjects to learn more rapidly, and offline stimulation has the opposite effect, slowing learning. These results in the motor cortex are consistent with the hypothesis that anodal tDCS interacts with subsequent motor learning, in a metaplastic manner (Ziemann and Siebner, [@B67]), inducing decreased motor performance when tDCS is applied before the task. This mechanism works by reducing the amount of plasticity after an excitability-increasing stimulation (Bienenstock et al., [@B3]). Nevertheless, results in the motor cortex not always are comparable to tDCS effects induced in the cognitive domain (Jacobson et al., [@B29]).

Regarding the cognitive domain, previous studies have confirmed the presence of facilitatory effects when a cognitive task is performed after anodal stimulation (offline, e.g., Ohn et al., [@B46]; Sparing et al., [@B60]; Boggio et al., [@B4]; Fertonani et al., [@B19]), and data have highlighted analogous facilitations when the task is performed during the stimulation (Fregni et al., [@B22]; Chi et al., [@B12]). Nevertheless, because these studies did not investigate both conditions, we cannot determine whether the timing of the stimulations simply differed in the degree of induced facilitation. Moreover, all of these studies were performed on young healthy adults.

Our study compared two different application timings of anodal stimulation (i.e., online vs. offline) in the same subjects who performed the same tasks, which permits us to obtain a result that allow to directly establish if the two protocols are equivalent or not. In healthy older adults, online stimulation is better than offline in inducing facilitation when the subjects are performing a picture-naming task. However, this online vs. offline difference in inducing facilitation is inconsistent with the results in the young participants. In the present experiment and in a previous published experiment from our group (Fertonani et al., [@B19]) we observed a facilitation in an offline condition, confirming the validity of the effect in young subjects. Such facilitation during online and offline stimulation, in young participants is in line with previous works and therefore we need to focus on differences in the elderly.

The absence of offline facilitation in the present group of older adults may be attributed to the short stimulation period (i.e., 10 min). However, the short period should not be an issue because a stimulation of the same duration causes facilitation in young adults performing the same task, as we have demonstrated before (Fertonani et al., [@B19]) and confirmed in the present work. It is noteworthy that the neural networks of young and old adults are different, and the different responsiveness of healthy-aging neural networks may account for the absence of offline facilitation. The online facilitation is likely due to the action mechanisms of anodal stimulation, which acts on the neuronal membrane potential, making the stimulated neuronal population more excitable. These mechanisms are not efficacious enough, in healthy older adults, to induce short-term plasticity after stimulation. Studies have demonstrated that the aging brain is characterized by several structural, physiological and functional changes (Caserta et al., [@B11]). Studies on both humans and animals have proposed that age-related cognitive decline is more likely to be associated with alterations in synaptic connectivity, intracellular signaling and metabolism than with neuronal loss (Morrison and Baxter, [@B39]). In rhesus monkeys, researchers have demonstrated that the age-related volume decrease observed in the DLPFC is attributed to a substantial synapse loss, which involves only certain synapse types (Peters et al., [@B51]; Dumitriu et al., [@B18]). Indeed, only the thin spines are involved; these spines are associated with a high degree of plasticity compared with mushroom spines. As previously reported the offline effects of a single application of tDCS have been shown to be mediated by NMDA receptor activity, the results of an LTP-like neuronal plasticity mechanisms (Liebetanz et al., [@B35]; Nitsche et al., [@B43]). Our data suggest that, at least with the parameters adopted in this study, the stimulation of the left DLPFC in healthy aging adults cannot induce this type of plasticity; the stimulation likely intrinsically modifies the electrical properties of the neurons. This reduced plasticity induction is presumably due to the neuronal synaptic changes that involve the aging brain. Ca^2+^ is known to be closely involved in synaptic plasticity, particularly in triggering LTP (Fitzjohn and Collingridge, [@B21]). Researchers have proposed that aging is associated with an increased dysregulation of Ca^2+^ homeostasis (Kirischuk and Verkhratsky, [@B32]). We speculate that the facilitation effect of offline tDCS may be reduced by a suboptimal intracellular Ca^2+^ level. This level may not favor the modulation of ion channel conductance and consequent homeostasis mechanisms. tDCS is a continuous stimulation; continuous stimulation can induce neurophysiological homeostasis mechanisms, which serve to maintain neural activity within a normal functional range (Siebner et al., [@B59]; Siebner, [@B58]). Present result cannot be accounted by a slowing of the system in older adults, since the facilitatory effect was present during task execution. In this context, it is possible that in older adults, the offline stimulation protocol cannot adjust the threshold of the system due to reduced transmembrane Ca^2+^ conduction. Therefore, altering the intracellular Ca^2+^ concentrations, which is important for processes of LTP, reduces tDCS-induced after-effects. Indeed Ca^2+^ alteration can also modify compensatory mechanisms of metaplasticity. Given that the synaptic homeostasis is changed so will be the degree of the response to activity induce by the task and by tDCS.

In conclusion, we found that anodal stimulation applied to the left DLPFC during the execution of a picture-naming task modulates the behavioral performance of healthy aging adults. This result confirms that the left DLPFC is part of a cerebral network dedicated to lexical retrieval/selection processing in naming (Cappa et al., [@B10]; Cotelli et al., [@B14], [@B15], [@B16]; Fertonani et al., [@B19]). Crucially, the offline tDCS application, which is efficacious in young adults, did not induce facilitation effects in older adults.

It is fundamentally important to evaluate tDCS effectiveness in inducing facilitator effects in a linguistic elaboration process to facilitate the implementation of a better informed tDCS application in the neurorehabilitation field. The current study confirmed the importance of the timing choice when applying tDCS with respect to the age of experimental subjects. tDCS-induced effects are sensitive to the state of the network that is active at that moment. It has been showed that increasing cortical excitability by means of non-invasive brain stimulation may induce a reconfiguration of functional brain networks to address specific cognitive demands (Peña-Gómez et al., [@B50]). Thus, the polarization of neurons in combination with ongoing synaptic input can be contextualized in a framework of synaptic co-activation (Miniussi et al., [@B37]). Therefore the effects of tDCS should be considered in relation to the state of the cortical network carrying out a task, network that in the aging brain might present a reduced connectivity (Sala-Llonch et al., [@B57]). Only in this context a-tDCS-induced modulation, might primes cortical synaptic efficacy and connectivity that potentiates the system within the language network, leading to more effective processing (Vidal-Piñeiro et al., [@B65]).

Based on present observations and theories (Hebb, [@B25]), we conclude that the capacity of an aged neural circuits to increase efficiency will be maximized when the task is executed during tDCS. Moreover, based on the same logic, learning, related to task execution, during tDCS should be more stable than learning that occurs at a different time.
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